Abstract. Infrasound generated during a seismic event upon reaching the ionospheric heights possesses the ability to perturb the ionosphere. Detailed modelling investigation considering 1-D dissipative linear dynamics, however, indicates that the magnitude of ionospheric perturbation strongly depends on the magnetic field inclination. Physics-based SAMI2 model codes have been utilized to simulate the ionosphere perturbations that are generated due to the action of the vertical wind perturbations associated with the seismic infrasound. The propagation of the seismic energy and the vertical wind perturbations associated with the infrasound in the model has been considered to be symmetric about the epicentre in the north-south directions. Ionospheric response to the infrasound wind, however, has been highly asymmetric in the model simulation in the north-south directions. This strong asymmetry is related to the variation in the inclination of the Earth's magnetic field north and south of the epicentre. Ionospheric monitoring generally provides an efficient tool to infer the crustal propagation of the seismic energy. However, the results presented in this paper indicate that the mapping between the crustal process and the ionospheric response is not a linear one. These results also imply that the lithospheric behaviour during a seismic event over a wide zone in low latitudes can be estimated through ionospheric imaging only after factoring in the magnetic field geometry.
Introduction
The ionospheric coupling to the vibrations generated on the surface of the Earth due to the earthquakes has been known for several decades (Bolt, 1964; Davies and Baker, 1965) . In the last 25 years or so, the ionosphere behaviour has been explored in order to reveal the signature of the seismic Rayleigh wave propagation (e.g. Rolland et al., 2011; Astafyeva et al., 2011) . The energy transferred to the atmosphere by the lithosphere travels upwards in the form of acoustic gravity wave or simply the infrasound. The wind field associated with the seismic infrasound at ionospheric altitude transports the ionospheric plasma parallel to the magnetic field and creates perturbations whose features correlate well with that of the infrasound. Recently, Chum et al. (2012) found that the features of seismic wave packets observed on the ground using the seismometer matched exactly with the features of the ionospheric response observed using Doppler sounding. The periodicities of the ionospheric perturbations were found to be exactly similar to the Rayleigh wave periodicities. They also reported the time delay between the two to be equal to the time that the infrasound takes to travel from ground to the ionospheric heights. Astafyeva et al. (2011) reported the initial total electron content (TEC) perturbation to happen over the area of maximum crustal displacement, thus verifying the possible application of the ionospheric monitoring to understand the crustal processes. There have been many reports that have indicated the seismic perturbations to have propagated to the F region peak altitude (e.g. Artru et al., 2004; Astafyeva et al., 2011) . On the other hand, many investigations have reported the ionospheric perturbations to remain confined to the bottom of the F layer (e.g. Chum et al., 2012; Maruyama et al., 2016) . Likewise, different researchers have proposed different modes of acoustic propagation. Studies have found the shock acoustic wave to travel at supersonic speed up to the peak of the F layer based on the total electron content (TEC) observations. However, little can be inferred about the propagation speed of seismic perturbations in the atmosphere/ionosphere based on TEC alone, as TEC perturbation represents the integrated perturbation whose exact altitude cannot be defined. Also, the height to which the seismic infrasound will propagate is likely to depend on the intensity of the seismic event.
The high-density TEC network over Japan, in recent times, has contributed significantly to further our understanding of the lithosphere-ionosphere coupling. Apart from the seismic Rayleigh waves, tsunami waves have also been observed to perturb the atmosphere-ionosphere system. The effects of the extremely strong M9.0 earthquake that occurred in Japan on 11 March 2011 have been comprehensively studied. Liu et al. (2011) found a delay of about 450 s between the M9.0 earthquake and its effect observed in the ionosphere. They reported multiple TEC wavefronts with different horizontal propagation speeds. Tsunami waves have also been found to generate pure internal gravity waves in the atmosphere, whose effects in the ionosphere are observed after a significant time delay >∼ 30 min (Occhipinti et al., 2008) .
While the features of the atmospheric waves generated due to the seismic events will depend on the propagation characteristics of the Rayleigh waves, the ionospheric response may not be a linear one. The properties of the ionosphere are anisotropic in nature. The primary reason for this anisotropy is the orientation of the Earth's magnetic field. A qualitative assessment of anisotropy in the ionospheric response related to the inclination of the Earth's magnetic field was first proposed by Hooke (1970) . The inclination of the Earth's magnetic field changes very significantly in the low latitudes in the north-south direction. Due to this, the component of the infrasound wind vector parallel to Earth's magnetic field changes. Thus the dynamical response of the ionosphere to the seismic waves is also likely to have strong anisotropy in the north-south direction. This aspect has been investigated in the present study based on a detailed model simulation. The case of the 25 April 2015 Nepal earthquake is considered for that. However, the investigation is general in nature, and can be widely applied to seismic wave propagation in low latitudes. lowed. The frequency spectrum of the seismic recording from Bhuwaneshwar is presented in Fig. 1b . The dominant frequency is 0.08 Hz, which corresponds to the Rayleigh wave period of 12.5 s. Mathematically this seismic event can be approximated to two Gaussian wave packets as indicated in Fig. 1c . Here the amplitudes of the reconstructed wave packets are similar to the observed amplitudes. The vertical ground motion of the seismic waves generates vertical compression waves in the atmosphere above called acoustic gravity waves (AGWs), or simply the infrasound. This infrasound gets amplified enough in the atmosphere to cause detectable perturbations in the ionospheric density. In the modelling investigation which will be presented later, the Gaussian wave packets are considered to propagate away from the epicentre on the surface of the Earth, and its amplitude is considered to reduce as (r) −1/2 , where r is the distance of a particular location from the epicentre.
It must be mentioned here that aspects of the seismoionospheric coupling which are being investigated are general in nature and not unique to a particular event. The case of 25 April 2015 has been considered only to define the epicentre and the Rayleigh wave propagation characteristics (Rayleigh wave period and Gaussian packets) in the model simulation. Also, in the model, the seismic energy has been hypothetically considered to propagate symmetrically in all directions, which may not be true for all seismic events (or even for the 25 April 2015 event).
Propagation of seismic infrasound in the atmosphere
The amplification of the seismic infrasound takes place as it propagates upward in the atmosphere. With increase in altitude, the atmospheric density decreases. In order to conserve the momentum associated with the vertical air particle motion, its magnitude must increase. Also, at higher altitudes, the relaxation loss comes into play. As the air particle oscillates, interchange happens between the translational and internal energy. With decrease in the density (collision frequency) at higher altitudes the efficiency of the transformation of the translational and internal energy reduces and the oscillating system tends to relax. The main relaxation losses are the classical and rotational losses (Sutherland and Bass, 2004; Bass et al., 1984) . Chum et al. (2012) have also described the infrasound amplification and attenuation in details. The methodology utilized by Chum et al. (2012) has been adopted in this study to determine the infrasound amplification and attenuation in the atmosphere. The modelled amplification and attenuation of the infrasound (0.08 Hz) at different height levels with respect to the forcing on the ground is presented next. Figure 2a shows the attenuation coefficient for 0.08 Hz infrasound as a function of height considering the classical and rotational relaxation loss mechanism (an excellent and detailed theoretical description of the loss mechanisms is given by Chum et al., 2012) . It is interesting to see that the infrasound travels totally unattenuated up to ∼ 100 km altitudes. Also, the infrasound undergoes a significant amplification in the same height region to conserve the momentum associated with the oscillating air parcel. Figure 2b shows (V h /V s ), the ratio of infrasound amplitude at a particular height (V h ) to that at the surface of the Earth (V s ). Here, the solid line indicates V h /V s considering only the amplification of the infrasound as it travel upwards. As mentioned earlier, the amplitude of the infrasound (oscillation velocity) increases with height in order to conserve the momentum of the oscillating air parcel in the atmosphere, whose density decreases exponentially with height. In reality, the attenuation of infrasound also takes place above 100 km (as discussed before) and a combined effect of amplification and attenuation decides the actual amplitude of the infrasound. The dashed line in Fig. 2b presents the ratio of infrasound amplitude at a particular height (V h ) to that at the surface of the Earth (V s ) considering the combined effect of both the amplification and the attenuation. There are two important points to note, based on the dashed line in Fig. 2a: (1) maximum amplification of ∼ 10 4 happens at ∼ 170 km height and (2) the infrasound is completely attenuated above 300 km height. Thus the changes in the F region ionospheric density (as a response to the seismic perturbations) can be expected mainly in its bottom side.
The infrasound propagation velocity and time of propagation as a function of altitude is presented in Fig. 3 . Here Fig. 3a shows the infrasound speed as a function of altitude. The integrated time of propagation of the infrasound from ground to various altitudes is indicated in Fig. 3b . Here one can see that it takes >∼ 550 s for the infrasound to propagate up to 200 km altitude (bottom F region).
Vertical wind field of the infrasound in the atmosphere
The vertical displacement of the Earth's surface during a seismic event generates periodic vertical compression and rarefaction in the atmosphere. The vertical oscillation velocity of the air parcel at the surface of the Earth is of the order of a few millimetres per second (equal to the vertical velocity of the Earth's surface). However, due to the amplification at higher altitudes (as described in the previous section), the vertical wind velocity becomes quiet significant. It took around 300-400 s for the infrasound to reach the bottom of the F layer. Two Gaussian wave packets of the infrasound can be seen. The amplitude of the infrasound vertical particle velocity can be seen decreasing as the distance from the epicentre increases, because the Rayleigh wave amplitude at the surface is considered to reduce as (r) −1/2 , where r is the distance of a particular location from the epicentre.
The modelled vertical wind field associated with the seismic infrasound propagation in the atmosphere is presented in Fig. 4 . Here the vertical wind field is shown for six different times after the seismic event started at the epicentre. In order to calculate the wind field over various distances from the epicentre, the Rayleigh wave amplitude at Earth's surface is assumed to reduce as (r) −1/2 (where r is the displacement on the surface of the Earth with respect to the epicentre) in such a way that its amplitude 800 km away from the epicentre is similar to the one presented in Fig. 1c . Also, the Rayleigh wave propagation on the surface of the Earth is assumed to be homogeneous in all directions for simplicity. The Rayleigh wave propagation speed is considered to be 2.4 km s −1 (Reddy and Seemala, 2015 , measured the Rayleigh wave speed to be ∼ 2.4 km s −1 for the 25 April 2015 Nepal earthquake). From Fig. 4 one can see that it took ∼ 550 s for the seismic infrasound to reach the bottom-side ionospheric height over the epicentre. Likewise, the infrasound arrival at ionospheric heights away from the epicentre region happens with a further delay with respect to that over the epicentre. Note that the dynamically significant vertical wind velocity can be seen in the height region of 150 to 225 km. Above that level the amplitude reduces drastically. Chum et al. (2012) have also reported the attenuation of the infrasound due to relaxation loss process above 200 km altitude. Although the vertical displacement velocity at the surface of the Earth is just a few millimetres per second (as indicated in Fig. 1c ), due to amplification the vertical wind velocity at ∼ 170 km altitude is of the order of ∼ 8×10 4 mm s −1 (or 80 m s −1 ), which is dynamically signif- icant enough to cause perturbations in the ionospheric densities. Also, the magnitude of the vertical wind perturbations can be seen decreasing as the distance from the epicentre increases. This is due to the reduction in the amplitude of the seismic Rayleigh wave on the surface of the Earth as it propagates away from the epicentre. Basically, the vertical wind perturbation at ionospheric height is an amplified imprint of the Rayleigh wave propagation on the Earth's surface, but with a delay of ∼ 300-400 s. In Fig. 4 one can also see the two Gaussian wave packet signatures in the vertical particle velocity replicating the two Gaussian wave packets (A and B) presented in Fig. 1c . These Gaussian packets in the atmosphere encapsulate the infrasound oscillations. The positive tilt of the infrasound wavefronts inside the Gaussian packets indicate that the disturbance of the vertical wind (generated due to the vertical motion of the Earth's surface) is propagating upward and away from the epicentre. The travel time diagram of the vertical wind disturbance has also been calculated to indicate the horizontal propagation of the vertical wind disturbance, which is presented in the next paragraph.
In the travel time diagram, propagation in the north-south direction about the epicentre is considered. The travel-time diagram or the keogram for the vertical particle velocity at 200 km height (ionospheric height) is presented in Fig. 5 . Since the propagation of the seismic Rayleigh wave has been assumed to be uniform in all directions, the magnitude of the vertical particle velocity perturbation can be seen varying uniformly in both north and south directions. The upper half of the keogram presented in Fig. 5 is a mirror image of the bottom half. The slope of the disturbance is 2.4 km s −1 -the same as the Rayleigh wave speed considered at the surface.
The wind field presented in Fig. 4 is used as an input to the SAMI2 model to assess its impact on the ionospheric electron densities. The wind field in the north and south directions is considered to be symmetrical (as indicated by the symmetrical keogram in Fig. 5 ). SAMI2 is a physicsbased ionospheric model which calculates the ionospheric evolution along a magnetic meridian in the north-south direction. The main objective is to simulate the differences in the ionospheric response in the north and south directions. As the magnetic field dip angle varies significantly in the north and south directions, the ionospheric response to the vertical wind perturbations associated with the infrasound can be expected to be highly non-uniform in the north and south directions. This aspect was first proposed by Hooke (1970) . As a result, little attempt has been made to understand the inherent north-south asymmetry in the seismo-ionospheric coupling owing to the variation of the magnetic field inclination.
Direction of wind vector component parallel to magnetic field
Magnetic field inclination changes significantly over the lowlatitude region as the location varies in the north-south direction. The inclination of the Earth's magnetic field must also play an important role in deciding the quantum of the forcing that the seismic infrasound can have on the ionosphere. A pictorial description of the wind vector component parallel to the Earth's magnetic field over the magnetic equator and low latitudes is indicated in Fig. 6 , where a schematic of the vectors is shown for magnetic equator, 10 cal wind vector parallel to the Earth's magnetic field varies significantly with the dip latitude. This indicates that the dynamical forcing on the ionosphere due to the vertical wind associated with the infrasound is also likely to vary significantly with the dip latitude. This aspect is being simulated using the SAMI2 model to assess the inherent asymmetry in the ionospheric response in the north-south direction.
3.3 First-order horizontal component of infrasound wind vector.
Although the seismic forcing on the atmosphere is in the vertical direction, the infrasound propagation vector may not be exactly vertical. The magnitude of the vertical forcing decreases as one moves away from the epicentre because the Rayleigh wave amplitude decreases by (r) −1/2 away from the epicentre. The pressure fluctuation front associated with the infrasound will not travel exactly vertical but will be slightly tilted (note that the wavefront in Fig. 4 is tilted; also, the x and y axes in Fig. 4 are not of the same scale, and thus this tilt is not very large). Thus, there also exists a finite horizontal wind component associated with the seismic infrasound. However, this horizontal wind component will not be directly proportional to the horizontal tilt in the infrasound propagation front (as the actual propagation of the infrasound is in the vertical direction). The tilt in the infrasound wavefront will be more in the case of the tsunami-generated infrasound than in the case of the earthquake-generated infrasound (because the tsunami waves propagate with a much lower speed in the horizontal direction, even less than the infrasound propagation speed). The first-order horizontal wind component will be equal to the horizontal difference in the vertical wind forcing. Thus, the horizontal component of the infrasound wind will be greater if the tilt in the infrasound wavefront increases. The first-order horizontal wind component has been calculated. Figure 7 shows the particle velocity associated with the infrasound at an altitude of 200 km. Here, panels (a) and (b) indicate the vertical and horizontal components of the particle velocity, respectively. These components are shown for location 200 km from epicentre (red) and 400 km from epicentre (green). The horizontal component is significantly smaller than the vertical component. This is expected as the forcing is primarily in the vertical direction. The perturbations in the ionosphere will be mainly controlled by the vertical component. There will be a contribution in the ionospheric perturbations due to the horizontal component of the infrasound wind. However, it will be much smaller than that due to the vertical component. For the ionospheric simulation in this paper only the vertical wind effects have been considered.
Ionospheric response to seismic infrasound
Some of the factors that determine the ionospheric density (electron density) are solar flux, electric field, neutral winds and thermospheric neutral density. Over the short timescales like that of the infrasound, the dynamical forcing, however, dominates. The vertical neutral wind associated with the infrasound in the bottom of the F region will have a component parallel to the magnetic field line. This field parallel component of the vertical wind can transport the ionospheric plasma along the magnetic field line. As the vertical wind will oscillate, the ionospheric density will also oscillate. However, the field parallel component of the vertical wind will depend on the dip angle of the magnetic field (as described in the previous section). Over the magnetic equator the field parallel component will be zero, and thus the ionospheric transport associated with the seismic infrasound is also likely to be negligible. The magnetic field perpendicular component of the vertical wind associated with the seismic infrasound has never been considered important in the literature as a cause of perturbations in the ionospheric densities. This is mainly because the horizontal scale size of the Rayleigh waves which produces infrasound is not sufficiently large to cause changes in the F region dynamo. Wind flow perpendicular to the magnetic field will generate electric field; however, as the magnetic field lines are highly conducting, the generated electric field will map along the field lines. If the horizontal scale of the vertical wind perturbations associated with the seismic infrasound is much less than the extent of the magnetic field line in the ionosphere, the upward and downward component of the infrasound vertical wind which will produce electric field perturbation of opposite polarity will be partially cancelled out along the field line. While the electric field related perpendicular transport will manifest along the entire field line (as the field line is nearly equipotential), wind transport parallel to the magnetic field line can be highly localized. Thus all the earlier works on seismic infrasound effects in the ionosphere have considered only the wind forcing parallel to the magnetic field lines (Artru et al., 2004; Astafyeva and Heki, 2009; Chum et al., 2012) . Recently, Huba et al. (2015) have considered the magnetic field perpendicular component of the vertical wind perturbation to generate electric field. However, in that study tsunami waves were investigated. The vertical wavelength of the tsunami-generated infrasound is much larger than that for the seismic Rayleigh waves. Thus, in the present investigation, dynamical forcing parallel to the magnetic field has only been considered (as was the case with several earlier investigations). The vertical wind perturbation shown in Fig. 4 has been considered to prevail at the ionospheric heights and its impact on the ionosphere has been ascertained using the SAMI2 model. Although the vertical wind in the model is considered symmetric in northsouth directions (Figs. 4 and 5) , its component parallel to the magnetic field will not be symmetric in north-south directions because the magnetic field inclination itself will vary in north-south directions about the epicentre (as described in Fig. 6 ). Over the magnetic equator, magnetic field inclination will be zero, while at higher latitudes magnetic field inclination will increase. Thus, in the vicinity of the magnetic equator the vertical wind will have no component parallel to the magnetic field. As a consequence, the ionospheric response to the seismic infrasound over the latitudes closer to the magnetic equator is expected to be very weak in comparison to that over higher latitudes. These aspects have been investigated using the SAMI2 model.
SAMI2 is an open-source physics-based ionospheric model. Like other physics-based models (e.g. SUPIM) SAMI2 uses a magnetic field coordinate system to define a particular location in the ionosphere (Huba et al., 2000) . A particular location is defined by a magnetic field line number (nf) at the apex of the magnetic field and a magnetic field segment (nz) along a magnetic field line (Huba et al., 2000) . Such a coordinate system is different from the Cartesian coordinate system. In the Cartesian system the separation between any two adjacent grid points is the same, whereas in the magnetic field coordinate system they are not. In the magnetic field coordinate system, the resolution decreases (increases) with the altitude (latitude). Such a coordinate system does not pose a problem for the simulation of the large-scale processes like equatorial ionization anomaly (EIA). However, such a coordinate system may have a problem in the simulation of the seismic infrasound effects, if the separation between two grid points becomes more than half of the infrasound wavelength, anywhere in the ionospheric region under consideration. In order to overcome this problem, the SAMI2 simulation is run with a very high resolution, such that at least one grid point is located every 2.5 km altitudinal by 2.5 km latitudinal spacing. After the simulation run, the average output electron density is calculated for every 2.5 km altitudinal by 2.5 km latitudinal spacing. The simulation has been run with a time resolution of 3 s. A time resolution of 3 s is good enough to ascertain the ionospheric response to infrasound with a time period of 12.5 s (satisfying the Nyquist criterion). The response of the ionosphere in the SAMI2 model to the seismic infrasound perturbation is presented next. Figure 8 shows the travel-time diagram (keogram) for the ionospheric density perturbation (in %) related with the infrasound forcing in the SAMI2 simulation. In Fig. 8 , the traveltime diagram has been shown for four different height levels. Panels Fig. 3b ) is symmetric in north-south directions, the ionospheric response to it in SAMI2 model is asymmetric.
with the magnetic latitude indicated in parentheses. The signatures of the two Gaussian wave packets are clearly visible in these keograms. Two of the most important aspects of the ionospheric perturbations in Fig. 8 are as follows: (1) the amplitude of the perturbation is quite small at 225 km height in comparison to that below ∼ 200 km altitude, and (2) the perturbation amplitude is significantly asymmetric in the north and south directions at all height levels. As far as the height variation is concerned, it is related to the reduced neutral wind perturbation amplitude at heights above 200 km (Fig. 4) . Recently, Maruyama et al. (2016) have observed the deformation in the lower-frequency edge of the ionograms at the time of the arrival of the seismic infrasound in the ionosphere. They have also reported the ionospheric perturbations in the height range below 200 km. An interesting aspect, however, is the north-south asymmetry in the ionospheric density fluctuations. The geomagnetic field inclination angle northward of the Gorkha district (epicentre) will increase, while in the southward direction it will decrease (as we move towards the magnetic equator). As a consequence, the field parallel component of the vertical wind will also increase (decrease) as we travel northward (southward) of the epicentre (note that the magnetic latitude is indicated in parentheses in the x axis in Fig. 8) . Thus, considering the uniform distribution of the seismic energy in all directions, the ionospheric impact of the seismic infrasound is highly non-uniform in north and south directions.
Most of the investigations on the propagation of the seismic infrasound in the ionosphere have utilized the TEC measurements. TEC provides the integrated ionospheric perturbation along the line of sight from ground to the GPS satellite. Detectable TEC perturbation can be expected along a line of sight, where successive ionospheric density fluctuations add up in phase (Artru et al., 2005) . Such a scenario happens for line-of-sight elevation angles less than 40 • . In the model, the perturbations in the TEC in response to the seismic infrasound have also been calculated. Figure 9 presents the TEC perturbations in the SAMI2 model over six different locations in the north-south direction about the epicentre. In Fig. 9 , top (bottom) three panels shows the TEC perturbations in the SAMI2 model over locations 200, 400 and 600 km away from the epicentre in the north (south) directions. Two of the important aspects of the TEC perturbations are that (a) the perturbation amplitude reduces much faster in the south direction than in the north direction, and (b) the signature of two Gaussian packets are not as distinct in the TEC as in the density perturbations at a particular altitude (as seen in the keograms in Fig. 8 ). The former is related to Figure 9 . TEC perturbations in the SAMI2 model over six different locations along north-south direction about the epicentre: (a) shows TEC perturbation amplitude in the north direction, while (b) shows it for the south direction. Note that the TEC perturbation amplitude reduces drastically in the south direction. the higher magnetic field parallel component of the vertical wind perturbations in the north direction (owing to a higher inclination of the magnetic field lines). As far as the signatures of the two Gaussian seismic packets are concerned, it can be expected to be less distinct in the TEC as TEC is an integrated entity. Ionospheric density perturbations from both the Gaussian packets will be integrated along the line of sight at the junction of the two Gaussian packets in the TEC if the time interval between the two Gaussian packets is not sufficiently large.
Discussion and concluding remarks
Ionospheric monitoring and simulation with respect to seismic activities have attracted much attention due to its possible application in the remote detection of the propagation of the seismic waves. Also, the ionospheric modelling has a very prominent role to play in tsunami forecasting as the tsunami wave travels much more slowly than the Rayleigh waves and the infrasound in the atmosphere, so the lead time of forecast can be in excess of a few tens of minutes. Recently, Astafyeva et al. (2011) have succeeded in retrieving the image of the crustal slip associated with the Tohokuoki earthquake from the TEC measurement using a highdensity GPS receiver network. Modelling investigations on the other hand could reproduce the wider-scale TEC disturbances due to the 2011 Tohoku-oki tsunami (Kherani et al., 2012) . Most of the investigations on the ionospheric response to seismic events using the networked observations have been made over the mid-latitudes. In the low-latitude regions, the 26 December 2004 Sumatra tsunami has been investigated comprehensively for its signature in the ionosphere (e.g. Otsuka et al., 2006; Occhipinti et al., 2008) . Some of these investigations have indicated the role of the geomagnetic field inclination in deciding the ionospheric response to the internal gravity waves (IGWs) driven by the tsunami. IGWs are pure gravity waves which take more than ∼ 30 min to propagate to the ionospheric height. The majority of investigations have, however, reported the response time in the ionosphere to be less than 10 min, which is only possible if the atmospheric waves travel with a velocity not less than the infrasound propagation velocity. Thus the prominent carrier of the seismic energy to the ionospheric heights is the infrasound. The magnetic field parallel component of the vertical motion associated with the seismic infrasound perturbs the ionosphere along the field line (Artru et al., 2004; Chum et al., 2012) . Thus, the response of the ionosphere to the seismic infrasound must also vary with the inclination of the Earth's magnetic field.
The model for AGWs in this investigation has followed 1-D dissipative linear dynamics. Most of the earlier investigations have followed a similar approach for infrasound propagation (e.g. Artru et al., 2004) . Normal-mode vertical wind models associated with the AGWs have been found to be in a very good quantitative agreement with the ionospheric observations (Artru et al., 2004) . Some recent works have also indicated the atmosphere to follow non-linear dissipative dynamics with multiple modes of AGW propagation (e.g. Liu et al., 2011) . Such an approach is likely to be more applicable to tsunamis than the crustal motion associated with the earthquake, as tsunami forcing may persist for a longer duration to generate modes of pure gravity waves in addition to infrasounds. In the case of earthquakes, recent Doppler sounding observations by Chum et al. (2012) have clearly indicated that the vertically propagating infrasound associated with the vertical crustal motion can explain the pattern of the ionospheric response at different altitudes. Thus the model for AGW propagation considering 1-D dissipative linear dynamics can quite fairly represent the actual scenario.
In the present modelling investigation, the propagation characteristics of the seismic Rayleigh waves have been considered to be identical in the north-south directions about the epicentre. Thus the coupling of the lithosphere with the atmosphere was also identical in the north-south direction, as a consequence of which the infrasound propagation was identical in the model (Fig. 5) . However, the ionospheric response in the model has been found to be highly asymmetric in the north-south directions (Figs. 8 and 9 ). The vertical motion of the neutrals associated with the seismic infrasound has the capability to move the ions along the field lines. However, in the latitudes closer to the magnetic equator, owing to a lesser inclination of magnetic field, vertical motion of neutrals will not have a significant component parallel to the magnetic field. Thus, an asymmetry was seen in the north-south direction about the epicentre in the model simulation. Over mid-latitudes, ionospheric response to seismic event has been effectively used to infer the crustal wave propagation and also crustal slips associated with the seismic events (Astafyeva et al., 2011) . However, such crustal slip study has been performed for a narrow zone of ∼ 100 km, within which the magnetic field inclination can be considered to be constant. Also, over the mid-latitudes, the magnetic field inclination does not change drastically within a limited belt. However, if the crustal studies are to be performed over a wider zone in the lower latitudes based on the ionospheric mapping, the asymmetric nature of the ionospheric response in the north-south directions owing to the geo-magnetic field inclination must be taken into account.
The model simulations presented in Figs. 8 and 9 indicate a greater ionospheric response in the north direction. This should not be confused with some previous studies like Heki and Ping (2005) which have indicated the perturbations in the ionosphere to propagate with a higher velocity in the south direction. The distribution of the seismic energy in this investigation has been considered to be symmetrical in all directions. However, if in the actual scenario the seismic energy propagation itself is highly asymmetric, its signature will also be seen in the ionospheric observations. Otsuka et al. (2006) have also reported a greater response of the ionosphere to tsunami waves in the northern direction (see Fig. 1 of Otsuka et al., 2006) . Their interpretation was similar to that adopted in this investigation. However, in the present investigation the main focus is to understand the asymmetric ionospheric response based on the physics-based SAMI2 model. The main purpose of the present investigation is to show that seismic propagation on the Earth's surface does not map linearly in terms of the ionospheric response. There does exist an inherent asymmetry in the ionospheric response due to the variation in the inclination of the Earth's magnetic field with location. However, the actual direction of propagation and also the amplitude of the ionospheric disturbances associated with the seismic event will depend most importantly on the actual direction of the propagation of seismic energy in the Earth's crust (which will depend on the crustal processes). Thus, Astafyeva et al. (2011) could reproduce the features of crustal slips associated with the seismic event based on ionospheric imaging. Future investigations must involve the simultaneous crustal and ionospheric observations to further understand the asymmetry in the mapping.
To capture the geomagnetic dependence in totality, the 3-D infrasonic model should be implemented. Employing 1-D and 3-D normal-mode modelling, Artru et al. (2004) showed that the surging time and amplitude of ionospheric response are similar in 1-D and 3-D approaches. This is expected since the low-latitude ionospheric change is mainly governed by the infrasonic wind component perpendicular to the magnetic field (Kherani et al., 2009) . On this basis, the results in the present study of 1-D modelling are reasonable to the first order. The first-order contribution is evident during many seismic events. For example, the seismic vibrations are imaged in the ionosphere without significant alterations (Chum et al., 2012) . Since the vertical displacement of earth or ocean surface is the primary forcing, the vertical displacement of the ionospheric layer is expected to produce the first-order effects, to preserve the seismic waveform image in the ionosphere.
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